V
inculin is an essential cell adhesion protein, found at both focal adhesions and adherens junctions, where it couples transmembrane proteins to the actin cytoskeleton. Vinculin is involved in controlling cell shape, motility and cell survival, and has more recently been shown to play a role in force transduction. The tail domain of vinculin (Vt) has the ability to both bind and bundle actin filaments. Binding to actin induces a conformational change in Vt believed to promote formation of a Vt dimer that is able to crosslink actin filaments. We have recently provided additional evidence for the actin-induced Vt dimer and have shown that the vinculin carboxyl (C)-terminal hairpin is critical for both the formation of the Vt dimer and for bundling F-actin. We have also demonstrated the importance of the C-terminal hairpin in cells as deletion of this region impacts both adhesion properties and force transduction. Intriguingly, we have identified bundling deficient variants of vinculin that show different cellular phenotypes. These results suggest additional role(s) for the C-terminal hairpin, distinct from its bundling function. In this commentary, we will expand on our previous findings and further investigate these actin bundling deficient vinculin variants.
Introduction
Vinculin is a ubiquitously expressed scaffolding protein that links transmembrane
Vinculin regulation of F-actin bundle formation
What does it mean for the cell?
Caitlin E. Tolbert, 1 Keith Burridge 1,2 and Sharon L. Campbell 2,3, receptors with the actin cytoskeleton at focal adhesions (FAs) and adherens junctions. 1 Vinculin has also been shown to regulate cell adhesion formation, adhesion strength and motility. 2 The importance of vinculin has been demonstrated in mouse knockout studies where embryos die by day 10 3 and isolated fibroblasts have a number of defects including: decreased adhesion, decreased spreading, increased motility, increased FAK and paxillin signaling, decreased stiffness and resistance to apoptosis and anoikis. [4] [5] [6] [7] [8] [9] [10] Vinculin is maintained in its inactive, autoinhibited state through multiple interactions between its large helical head and smaller helical tail domain. A flexible protein-rich linker region connects the head and tail domains. 11 Each domain is able to recognize multiple binding partners: the head domain (Vh) binds to α/β-catenin, α-actinin, talin and IpaA; [12] [13] [14] [15] [16] the linker region interacts with CAP/ponsin, nArgBP2, vinexin α/β, vasodilator-stimulated phosphoprotein and Arp2/3 complex; [17] [18] [19] [20] [21] the tail domain (Vt) recognizes paxillin, PKCα, raver1, filamentous actin (F-actin) and phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ]. [22] [23] [24] [25] [26] Through the interaction of multiple binding partners, head-tail interactions are released and vinculin is able to bind and recruit other interactors. 27 When vinculin is localized at FAs, these binding partners include talin and F-actin. Coordinate binding of talin and F-actin promotes vinculin activation, enabling it to serve as a mechanotransducer by mediating the linkage has been shown to self-associate through a cryptic dimerization site that enables actin filaments to be crosslinked. 30, 31 Moreover, Janssen et al. combined electron microscopy, computational docking and mutagenesis approaches and proposed a structural model for the Vt/F-actin complex (Janssen model). 32 In the Janssen model, F-actin interacts with Vt at two sites; the top of helix 2 and 3 (upper site) as well as the bottom of helix 3 and helix 5 (lower site) leading into the C-terminal hairpin (Fig. 1B) . 32 They also proposed that deletion of the amino (N)-terminal strap impaired actin bundling while deletion of the C-terminus enhanced the bundling efficiency of Vt. 32 However as our group has shown previously, N-terminal strap deletions do not impair actin bundling. 31 Additionally, we have shown that deletions larger than five amino acids from the C-terminus affect the structural integrity and stability of Vt, 31, 33 making it difficult to interpret data from larger C-terminal hairpin deletion variants. By introducing smaller deletions to the C-terminal hairpin that do not to alter the structural integrity of Vt (Vt ΔC2, 1,064-1,066; Vt ΔC5, 1,061-1,066), 31, 33 we have shown that the C-terminus and in particular, the last five residues, are essential for F-actin bundling, in contrast to previously published results. 31, 32 To further explore the Vt dimer induced upon association with F-actin, we conducted crosslinking studies at a range of actin concentrations on WT Vt and our actin bundling deficient mutants. 31 Whereas both a dimer and trimer species are formed for WT Vt and Vt ΔC5 in the presence of F-actin, the Vt ΔC5 variant dimer band runs at a lower molecular weight and displays a significant decrease in intensity at higher F-actin concentrations. These results suggest that the actin bundling defect associated with deletion of the C-terminal hairpin may result from the inability of Vt ΔC5 to form an actininduced dimer. To see if similar results are observed with a smaller deletion mutant that is also deficient in actin bundling, 31 we performed crosslinking on Vt ΔC2 in the presence and absence of F-actin. As shown in Figure 2 , a similar decrease in band intensity of the actin-induced dimer band is observed for Vt ΔC2 as for Vt
The F-Actin/Vinculin Interaction Results in Vinculin Self-Association and F-Actin Bundles
Vt contains an F-actin binding site that is partially masked due to autoinhibitory interactions with Vh in the inactive full length protein. 29 Upon binding F-actin, Vt between integrins and the actin cytoskeleton. 28 Additionally, the interaction between F-actin and vinculin is believed to play a role in many cellular processes including cell motility, cell structure and survival. In this commentary, we will further investigate the importance of the interaction between vinculin and F-actin. 32 release of autoinhibitory interactions within full length vinculin via binding of talin (green) to Vh (purple) and F-actin (gray) to Vt (blue), leads to vinculin activation. 32 F-actin binding causes a conformational change in Vt that exposes a cryptic dimerization site (orange) that enables Vt self-association and F-actin bundling. 30, 32 (B) According to the Janssen model, the C-terminal hairpin (red) and n-terminal strap (yellow) point into the F-actin interface. 32 However, the Janssen model may require further validation given the resolution of the micrograph, multiple conformational clashes between Vt and F-actin, and contrasting data that has arisen indicating that the C-terminal hairpin is necessary for bundle formation. Hence, given our findings, a refined or alternative model for this critical interaction should lead to more specific tools to study the function of the vinculin/F-actin interaction.
defined by the balance between dynamics in actin polymerization and formation and turnover of adhesions. Only through the interplay of these two components can effective migration and spreading be achieved. Following integrin engagement and recruitment of key cytoskeletal proteins, including talin and vinculin that establishes the link between active integrins and F-actin, actin flow slows and transmits force on the ECM to enable cells to move 45 and allow adhesions to mature. 46 In studies examining motility and spreading in the absence of vinculin, spreading is severely impaired but the cells are able to migrate at a higher rate. 47 These data suggest that vinculin is needed to stabilize adhesions in order to spread instead of impacting rapid actin polymerization to external force since expression of a vinculin variant deficient in actin bundling, ΔC5 vinculin, prevented cells from responding to pulses of force when a magnetic bead coated in fibronectin (FN) was applied. 31 These data suggest that it is not only the connections between vinculin and F-actin that are necessary to respond to extracellular stimuli, but also the vinculin-mediated F-actin bundles that are needed to properly transduce external forces.
F-Actin Bundles Mediated by Vinculin During Migration and Spreading Events
During migration and early stages of cell spreading, the leading edges of cells are ΔC5. 31 These findings suggest that the C-terminal hairpin, especially residues Y1065 and Q1066, are critical for formation of a functional actin-induced Vt dimer. In addition, we have also recently demonstrated that Vt ΔC5 is critical for FA morphology and the ability of cells to stiffen in response to force. 31 In this commentary, we will examine how these bundling-deficient vinculin C-terminal deletion variants impact other cellular functions, and also address whether deficiencies in actin bundling also impact the ability of vinculin to function as a scaffold at FAs.
The Mechanical Role of the F-Actin/Vinculin Interaction at Focal Adhesions
Many cellular processes are dependent on locally generated forces in their environment, including migration as evidenced by durotaxis, cell survival or death.
34-36
The ability of cells to sense changes in stiffness is believed to be primarily mediated through proteins at FAs, including vinculin. In addition its ability to sense external forces, vinculin has been reported to regulate how applied mechanical stress alters adhesion composition in order to induce cell morphological changes. [37] [38] [39] Recent evidence indicates that vinculin is crucial for transmission of mechanical forces resulting from either actomyosin or cell-generated forces, since the recruitment of vinculin to FAs corresponds to the amount of force applied to the extracellular matrix (ECM). 40, 41 Furthermore, the F-actin/vinculin interaction may be required for these forces since, without Vt, vinculin does not follow the retrograde flow of actin. 42 The need for vinculin to bind F-actin and transduce force is further supported through measurements of force fluctuations, and correlating them to the degree of coupling displayed by the speckle motions of F-actin and vinculin during protrusion and retraction events at the leading edge of cells. 43 Further, recent studies have shown that vinculin mutants deficient in actin binding are unable to generate traction on the ECM within the leading edge of cells. 44 However, vinculinmediated F-actin bundling appears to be a key factor in regulating how cells respond In the presence of actin, a significant decrease in the amount of the actin-induced dimer is observed for Vt ΔC2 relative to Wt Vt. Similar results were previously obtained for the larger bundling deficient variant, Vt ΔC5. 31 Densitometry is the average ± SeM combined from three independent experiments. Statistical significance was determined using the Student's t-test. *p ≤ 0.05. and in their overall cell morphology, as well as from WT vinculin. These data suggest differential roles for the last two vs. five amino acids in the C-terminal hairpin of vinculin.
The F-Actin Induced Vinculin Dimer: Could It Be a Scaffold Too?
Activation of vinculin is believed to promote its scaffold function. At sites of adhesion, vinculin activation facilitates recruitment of additional proteins enabling vinculin-mediated regulation of FA dynamics, efficient cell spreading or migration. While a number of binding partners have been identified, some of these proposed interactions have not been verified in cells. Moreover, new interaction partners may yet be identified. 53 Since vinculin is an essential scaffolding protein that both senses and regulates mechanical tension, the following question is raised: Could the structures formed by activated vinculin mediate tension (i.e., F-actin bundles) and contribute to its signaling properties? While this question remains to be explored fully, the phenotypes that are observed in the presence of the different a specific defect in actin-bundling differ from other variants that have been previously used to probe vinculin/F-actin interactions? It has been shown that a vinculin variant containing a mutation in the proposed actin-induced dimerization site (Y1065) is slightly deficient in its ability to spread on FN. 52 Moreover, as mentioned earlier, we have recently shown that vinculin null murine embryo fibroblasts (Vin -/-MEFS) re-expressing ΔC5 vinculin are smaller in cell area and have significantly fewer adhesions when cells are allowed to spread on FN. 31 The ability of Vin -/-MEFs expressing either WT-, ΔC2-or ΔC5 vinculin to spread on FN over time was quantified to determine differences in spreading and overall cell morphology (Fig. 3) . Although significantly more and larger protrusions were observed for ΔC5 vinculin expressing cells in comparison to cells expressing WT vinculin (Fig. 3B and C) , cells expressing ΔC2 vinculin had the same number and size of protrusions as WT vinculin (Fig. 3B and C) . Thus, despite their similar defects in actin bundling in vitro, 31 ΔC2-and ΔC5 vinculin display significant differences during spreading and depolymerization that is necessary for effective migration. Recent studies have suggested that, in addition to bundling F-actin, vinculin can promote actin polymerization and cap filaments. 31, 48, 49 However, it has been hard to observe the result of these different functions in cells due to the use of large and destabilizing vinculin C-terminal deletion variants. Humphries et al. showed that expression of vinculin tail domain alone was sufficient for vinculin to be recruited to areas of high contractility that were under mechanical tension, such as FAs, but not to the lamellipodia. 50 An actin deficient deletion mutant lacking helix 2 and 3 within the tail domain of vinculin displayed not only larger and denser FAs, but also prevented an invasive phenotype, 51 indicating that the F-actin/vinculin interaction may regulate cellular functions pertaining to organizing the actin network during migration. However, given the size of this deletion and likelihood that Vt is destabilized, this variant likely possesses multiple defects.
One question that remains unanswered is how does a vinculin mutation that retains actin binding but possesses C-terminal deletion variants display the same actin-bundling deficiencies in vitro. Furthermore, the C-terminal hairpin may play a role in the recruitment of binding partners to FAs in cells by contributing to vinculin's scaffolding function as both of the C-terminal deletion mutants appear defective in recruitment of vinexin-α. The C-terminal hairpin deletion mutations also prevent the accumulation of actin at adhesion complexes. Given these results, it will be interesting to further explore the following:
(1) Refine the F-actin/Vt interaction and dimerization model. regulate these interactions, it will be interesting to further explore this possibility through more selective mutations within the C-terminus. Additionally, future studies will examine phenotypic differences between the ΔC2-and ΔC5 vinculin mutations and how these differences impact the formation of the actin-induced vinculin dimer.
Conclusions
Results from our studies have demonstrated the importance of the C-terminal hairpin in vinculin tail mediated F-actin bundling both in vitro and in cells. In particular, vinculin residues Y1065 and Q1066 appear to be crucial for the formation of the actin-induced Vt dimer. Moreover, distinct phenotypic differences between ΔC2-and ΔC5 vinculin are observed in cells, even though the vinculin mutants deficient in actin-bundling (Fig. 3) raise interesting questions. Is the primary role of the C-terminal hairpin to promote F-actin bundling via generation of the actin-induced dimer or does the C-terminus also function as a binding site for interaction partners? Furthermore, could the dimer itself serve a scaffolding function? Currently there are no binding partners that are known to bind to residues 1,061-1,066 in vinculin. However, in the full-length protein there are a number of contacts between the residues in the C-terminus with amino acids in the proline-rich region including P878, the docking site for the Arp2/3 complex (Fig. 4) . 21 It has also been suggested that vinexin-α, an adaptor that influences actin cytoskeletal rearrangements and promotes cell spreading, also interacts with vinculin in the proline-rich linker close to the contacts described in Figure 4 . 18, 54, 55 Perhaps residues in the C-terminal hairpin regulate binding of interaction partners to the proline-rich region?
To assess the scaffolding function of our mutants, we isolated adhesions from cells expressing either WT-, ΔC2-, ΔC5 vinculin or untransfected cells, to monitor their ability to recruit known binding partners to integrin-containing adhesions. Following a short incubation time of 30 min with magnetic beads coated with FN, complexes that formed around the beads were isolated as previously described. 56 Adhesions isolated from cells containing WT vinculin were able to efficiently recruit vinexin-α and the Arp2/3 complex, as indicated by western blot detection of the p34-Arc subunit (Fig. 5) . Cells expressing either ΔC2-, ΔC5-or lacking vinculin were able to recruit the Arp2/3 complex but not with as high of efficiency as cells expressing WT vinculin (Fig. 5) . However, cells expressing the mutants or were untransfected were severely impaired in their ability to not only recruit vinexin-α, but also lacked a significant amount of actin (Fig. 5) . These results suggest that cells expressing the actinbundling deficient mutants are impaired in their ability to act as a scaffold, and also show less actin accumulated at adhesion complexes. 31 While it remains to be determined whether the actin-induced dimer itself or residues in the C-terminus 
